Introduction
The introduction of cerebral blood flow (CBF) measurement and positron emission tomography (PET) 1 in conjunction with detailed in vivo magnetic resonance imaging (MRI) 2 has permitted the direct exploration of brain function in the human subject. Central to PET studies of cognitive function is the use of tasks that differ only in one or a few operations. By comparing PET images acquired during the performance of these tasks, it is possible to isolate the brain areas differentially involved with the operations that distinguish the two tasks. 3 Language processes have been extensively studied in brain-imaging research and the distributed, modular nature of these processes has been described. 4 Although such studies have provided preliminary insights into the neural basis of these different linguistic functions, the precise determination of which brain structures mediate a particular cognitive function is still a source of debate. For example, functional brain imaging studies have consistently demonstrated increased CBF in the left inferior frontal gyrus (LIFG: Brodmann's areas 45 and 47) during the performance of tasks that involve lexical access and retrieval, such as noun-verb generation 5, 6 or synonym generation, 7 but such observations require validation from direct experimental evidence, such as can be obtained from intraoperative stimulation mapping. Intraoperative corticography in the awake patient 8, 9 provides a way to map the locations at which interference with language occurs. The pattern of organization derived from electrical stimulation mapping, like that derived from lesions, depends on the disruption of a behaviour when a particular cortical area is functionally inactivated. This technique thus identifies cortical areas that must be active for the behaviour and thus are essential for the measured function. In contrast, PET is an activation method, revealing the network of brain structures involved in a tested behaviour, but discrimination between essential and non-essential structures is not possible using PET alone. 10, 11 This lack of specificity poses a particular problem when functional imaging of language is used as a clinical tool in presurgical planning for interventions anticipated to encroach upon frontal or temporoparietal regions in the languagedominant hemisphere. Since both techniques for investigating language organization have some limitations, convergence of the data can throw light on essential versus participatory areas for a given language task.
WE report results from a patient in whom we obtained converging evidence from positron emission tomography (PET) and intraoperative stimulation mapping to support a one-way dissociation between the functional areas involved in word repetition and synonym generation. Intraoperative stimulation mapping interfered with synonym generation but did not disturb word repetition at the same left inferior frontal site at which a cerebral blood flow (CBF) increase had been observed for a synonym generation task. The results for this single subject suggest that the functional areas involved in different aspects of linguistic processing are dissociable and that specific disruption under conditions of cortical stimulation can be correlated with the brain regions identified via PET as the most active during performance of a specific task.
We report evidence from a patient in whom we observed consistent localization of function in the left inferior frontal cortex using two complementary methods. First, we obtained physiological correlates of language derived from CBF recording during synonym generation and word repetition tasks using PET. Second, we stimulated the exposed cortex during surgery with the awake patient during performance of tasks similar to those used in the PET study.
Subject and Methods
Case history: In March 1995, the patient (WW), a 38-year-old right-handed physician presented with a grand mal seizure and was found to have an oligodendroglioma in the left premotor area. A brain biopsy, performed elsewhere, was complicated by a postoperative intracranial hemorrhage that required craniotomy to evacuate blood. The patient was left with a right hemiparesis, primarily affecting the arm, and he also displayed a non-fluent dysphasia and an apraxia. He was released from hospital in April 1995, and, after rehabilitation, experienced rapid return of leg function and a gradual return of speech. He had good recovery until he experienced his first post-discharge seizure in July 1995, subsequent to which he continued to have right focal-motor seizures every 4-6 weeks, resulting in a post-ictal Todd's paralysis of the right hand and speech arrest. WW was admitted to the Montreal Neurological Hospital in March 1996 for resection of the tumour. The patient provided informed consent for the imaging and mapping procedures, which were performed according to institution-reviewed medicoethical guidelines.
Presurgical mapping with PET:
In our laboratory we have observed, both in a group study and in each of seven normal volunteer subjects that, subtraction of word repetition from synonym generation (using a repeated design) consistently elicits strongest CBF changes in the left inferior frontal region. 12 Because of the reliability of these results, these two tasks were used as a reference for direct examination of the relationship between morphology and function in patient WW, whose focal brain lesion was located in the left superior frontal cortex. Although several processes are shared by the two tasks, we were interested in the additional processes of lexical search and retrieval, required for synonym generation but not for word repetition.
For each of three scans, 15 individual words were presented binaurally through insert earphones (Eartone 3A), and the patient was instructed to say aloud a synonym (e.g. leap-jump; weep-cry). Three separate word lists, matched item by item on a range of psycholinguistic variables (word length, syllable number, frequency and part of speech), were used for each scan, and stimuli were presented every 4.2 s, for a total scanning time of 60 s. Similarly, three word-repetition scans, in which WW repeated heard words, served as baseline scans. The lights were dimmed for the duration of the scans, which were presented in a counterbalanced order, and WW was instructed to keep his eyes closed throughout each scan. Accuracy of responses during the scans was monitored. WW repeated all the words correctly but was slightly less accurate at synonym generation, although he was able to perform the task (list 1, 11/15 correct; list 2, 9/15 correct; list 3, 14/15 correct).
Standard PET scanning methods were used in conjunction with the 15 O-labeled water bolus injection technique. 1 Images were acquired on a Scanditronix PC-2048 system, which produces 15 image slices at an intrinsic resolution of 5.0 ϫ 5.0 ϫ 6.0 mm. 13 PET images were reconstructed using an 18 mm Hanning filter. PET data were then normalized for global CBF value, averaged for each activation state, and the mean CBF-change images were obtained. 13 These volumes were converted to a t-statistic volume by dividing each voxel by the pooled standard deviation in normalized CBF for all intracerebral voxels.
14 An MRI volume (160 sagittal slices, 1 mm thick) was obtained, MRI and PET volumes were co-registered, and the dataset was linearly re-sampled into a stereotaxic coordinate system. 15, 16 The presence of significant focal changes was tested by a method based on 3-D Gaussian random-field theory.
14 Values with a criterion of t у 3.5 were deemed statistically significant (p < 0.0002, two-tailed, uncorrected).
Regions of significant CBF increase are shown in Table 1 . When word repetition was subtracted from synonym generation, a series of strong activations were observed anteriorly in the left inferior-frontal gyrus (areas 45 and 47), as predicted from our studies of normal right-handed subjects. 7, 12 In addition, bilateral activations were observed in the orbito-frontal region (Brodmann's area 11) and in the middle frontal gyrus (area 10). These findings suggest major language representation in the left hemisphere, with the strongest CBF changes related to synonym generation being inferior to the lesion (see Fig. 1 ). For comparison, this left inferior frontal focus (marked with an * in Table 1 ) is located very near the foci of our two previous studies of normal volunteers. The t-statistic images generated from the PET study were transformed back into the dimensions of the original MRI image, using the inverse of the matrix used for stereotaxic transformation. In the operating room, an image-guided surgical system was used (The Viewing Wand, ISG Technologies Inc. Toronto) to display the patient's MRI and PET images along with a representation of an intraoperative probe whose position is tracked in real time during the operation. 17 Using a landmark-matching algorithm, the patient's position was coregistered with the computer image with an accuracy of the order of 1 mm. 17 Stimulation mapping of language was carried out after the lesion had been located and after the sensorimotor cortex had been identified ( Fig. 1: tags visible in the lower central areas 1,2,3,7 and 8).
For language mapping, trains of 60 Hz, 2 ms total duration biphasic square wave pulses from a constant current stimulator were delivered across 1 mm bipolar electrodes separated by 5 mm. The current level was selected as the largest current not evoking after-discharges in the area of cortex to be sampled. Due to the extent of the craniotomy and time limitations on stimulation mapping in the operating room, there was a trade-off between number of samples, the number of behaviours and the number of sites where stimulation effects on these behaviours could be assessed. Neither the patient nor the examiner was able to detect when stimulation was taking place, or which location was being probed.
Stimulation was applied to several areas in the left frontal cortex, but the anterior LIFG was specifically targeted, because this was the site of strongest PET CBF change observed for our normal volunteer subjects, 12 and also because it was a site of strong CBF change observed for WW (Table 1) . Due to the location of the craniotomy, several activation foci in the left frontal region were not accessible during the operation and were therefore not sampled with stimulation mapping (see Table 1 ).
To allow for direct comparison between the two techniques, similar tasks were used in the operating room to those used with PET. The patient was presented orally with a word and was then required to repeat it and to generate its synonym within a single trial (e.g. leap-leap; jump). Stimulation began at the onset of the word to be repeated and continued for approximately 5 s. When stimulation was applied at 2.0 V over the anterior LIFG (i.e. F3), WW could repeat words, but he could not produce a synonym. Out of the five items presented at this specific site (which corresponded to the area of increased activity observed with PET), he was always able to repeat the word but was never able to produce a synonym. WW had previously been able to provide the synonyms for all of these words when no stimulation was applied. Stimulation at this same location also resulted in a failure to produce a response when he was presented with an item for picture naming, but he was able to count correctly from 1 to 20. The sites of stimulation were marked with tags and, after stimulation, the location relative to the PET activation was recorded with the Viewing Wand (see Fig. 1 ). Importantly, there were several other neighbouring sites in the anterior inferior frontal region that were sampled, but where no interference was noted. Comprehension was intact throughout intraoperative testing.
In postoperative debriefing, the patient reported that during the stimulation procedure, in the instances where stimulation interfered with lexical search and retrieval, he had known the item that he wanted to say, but could not produce the response. He termed it 'thought blocking'. When tested one day postoperatively, he could again produce all the synonyms correctly and could identify which items he had experienced difficulty with in the operating room.
Discussion
The study of the organization of language in the human brain, and the hypotheses derived therefrom, are influenced by the specific limitations and Obligatory role of the LIFG in synonym generation are: x, medial to lateral distance relative to the midline (positive = right); y, anterior-posterior distance relative to the anterior commissure (positive = anterior); z is the superior-inferior distance relative to the anterior commisssure line (positive = superior).
a Due to the location of the craniotomy, these activation foci were not accessible during the operation and were therefore not sampled by stimulation mapping. * See Fig. 1 .
strengths of the different techniques used to study such processes; consequently there is much to benefit from the corroboration of findings with different methods. In this individual case, electrical stimulation of neural tissue at the site of the CBF increase related to synonym generation in PET produced a reliable interference with the performance of the same task. This interference was both functionally and anatomically specific, being observed for synonym generation, but not for repeating words, and was elicited by stimulation of a discrete area of cortex. Although synonym generation is a more complicated task than word repetition, and hence may be more easily disrupted by some general interfering factor, the differential effect was observed at a specific site and not at other sites. The interference with synonym generation but not repetition at this particular site supports the idea that different cortical locations in an individual seem primarily concerned with specific language-related functions. The anterior LIFG thus appears to be critical for synonym generation but not for word repetition, which is consistent with the numerous reports of CBF increases in this region on tasks requiring lexical search and retrieval. [5] [6] [7] 12 D. Klein et al. 15, 16 to allow comparison and localization with reference to our dataset of normal volunteer subjects. 7, 12 Several predictable increases in CBF were observed in the left inferior frontal gyrus, inferior to the lesion, in an area similar to that activated in normal subjects. 7, 12 The peak visible in the image corresponds with Brodmann's area 45/47 in Table 1 , and is located 5.8 mm from the focus reported in Ref. 7 (yellow square) and 3.00 mm from the focus in Ref. 12 (red square). It is also the location where interference with synonym generation, but not word repetition, was observed during cortical stimulation. The other panels show the data superimposed on the MRI in native space. Top right: Averaged PET subtraction image. Bottom left: Responses elicited by stimulation. The yellow x's show the exact position where stimulation interfered with speech and function. Tags S1 and S2 refer to interference with synonym generation, while the numbers 1,2,3,7 and 8 refer to sites where movements and dysesthetic sensations were evoked by stimulation. Both the yellow x's and the white tags were inputted during WW's surgery, using the Viewing Wand. Bottom right: PET and stimulation-mapping responses superimposed.
